INTRODUCTION
The genus Pestivirus includes three serologically-related viruses: hog cholera virus (HCV) in pigs, Border disease virus (BDV) in sheep and bovine virus diarrhoea virus (BVDV) in cattle (4).
BVDV induces a wide variety of foetal and post-natal disorders in cattle and causes significant economic losses in the livestock industry. Pre-natal infection can lead to the generation of immunotolerant, persistently-infected (IPI) animals which continually excrete large amounts of virus throughout life (3) and constitute the main reservoir of BVDV.
The prevention and control of BVDV infections entail the identification and removal of IPI animals and the judicious use of vaccination programmes (2) . Until recently, virus isolation after culture amplification and immunofluorescence was the method most widely available for the detection of such animals (7) . Other diagnostic technologies based on enzyme-linked immunosorbent assays (ELISAs) (8, 13, 15) , flow cytofluorometry (14) and viral genomic detection after polymerase chain reaction (9, 12) have also been used successfully. However, all of these methods have significant drawbacks:
-they are time-consuming, because of the necessity for sample preparation (lymphocytes and/or genome extractions) -they can be expensive (specialised equipment and trained laboratory personnel are required).
Control plans require a sensitive, easy-to-perform, rapid and inexpensive assay to screen large numbers of samples for persistent infection.
The non-structural 80/120 kDa protein (p80) of BVDV is a good target for a sandwich ELISA; this protein shares specific antigenic determinants which are highlyconserved in all pestivirus strains and is produced in large amounts during the virus multiplication stage in IPI animals (5,6).
A sandwich ELISA was optimised using crude whole blood samples, and performance was compared with that of the virus isolation used as the reference method.
MATERIALS AND METHODS

Animals
Six cattle persistently-infected with BVDV were available, with ages ranging from 1 to 2.5 years. These animals were the progeny of cattle which had been infected in early pregnancy with a non-cytopathogenic strain of BVDV. Three of the progeny had been vaccinated against bovine virus diarrhoea-mucosal disease (BVD-MD) with an inactivated vaccine. Two of the progeny had been vaccinated with a modified live anti-BVD-MD vaccine. The remaining IPI animal was not vaccinated and was used as a control.
In addition, two one-year-old cattle from BVD-MD-free herds were challenged intranasally and intravenously (10 3.7 CCID 50 /animal) with the New York strain of BVDV.
Another 180 cattle with ages ranging from six months to seven years were used. These animals originated from seventeen different BVDV-infected herds in different areas of France. The majority had been previously vaccinated with a modified live vaccine.
Blood samples (5 ml) were collected in glass tubes containing 50 units of heparin and used to test for the presence of BVDV in cell culture and p80 antigen by ELISA. Blood samples collected in glass tubes without anticoagulant were used to prepare serum samples by centrifugation for 15 min at 800 g. These serum samples were then employed to test for the presence of anti-p80 antibodies using a blocking ELISA.
ELISA reagents
A set of mouse monoclonal antibodies (MAbs) was prepared and characterised by indirect immunofluorescence and radio-immunoprecipitation as previously described (10) . Three MAbs (227H3,227C6 and 202D12) were selected for their specificity and high relative affinity to the p80 antigen using a panel of twenty-three BVDV, BDV and HCV strains or field isolates. A combination of these MAbs was selected so that the ELISA provided the greatest signal:background ratio using blood samples from one IPI animal and one anti-p80 positive non-IPI animal. Optimisation was also carried out using titration of a crude p80 recombinant antigen solution diluted in a TNT buffer (see below).
Characterisation and production of the p80 recombinant antigen is described elsewhere (11) .
An anti-p80 hyperimmune serum was prepared from rabbits after eight injections (at one-month intervals) of 50 µg of the recombinant p80 antigen in 0.5 ml of 0.025 M tris buffer, pH 10, emulsified in 0.5 ml of Freund's complete adjuvant. Protein concentrations were determined with bicinchroninic acid (BCA reagent). Purity of the monoclonal antibodies and recombinant p80 antigen solutions was assessed using sodium dodecyl sulphate-polyacrylamide gel electrophoresis and gel scanning, which attained 98% and 10% of the total proteins respectively.
ELISA procedure
Microtitre plate wells were coated with 100 pi of the MAb mixture in 0.050 M carbonate buffer (pH 9.6) and incubated overnight at 4°C. After washing, plates were blocked overnight at 4°C with a TNT buffer (0.010 M tris hydrochloride, 0.150 M sodium chloride, 0.1% Tween 20 and 3% [v/v] horse serum inactivated for 30 min at 56°C, pH 7.4).
Fifty µl of blood samples collected on anticoagulant were diluted directly into the coated wells with 50 µl of the TNT buffer containing 1% Nonidet P-40 (v/v).
One hundred µl of a positive control were included in a well on each plate. This consisted of a solution of the p80 recombinant antigen at 0.5 µg protein/ml in the TNT buffer.
After incubation for 2 h at 37°C and subsequent washing, 100 µl of rabbit anti-p80 serum diluted in the TNT buffer were added and incubated for 1 h at 37°C. After further washing, 100 µl of a goat anti-rabbit immunoglobulin (Ig)G horseradish peroxidase conjugate, diluted in the TNT buffer, were added to each well for 1 h incubation at 37°C. The enzymatic reaction was carried out by adding 100 µl of substrate buffer (0.25 mM tetramethylbenzidine in citrate-phosphate buffer [pH 5.0] containing 0.1 µl/ml of 30% H 2 0 2 ) and reacting for 30 min in a dark place at 20°C. The reaction was subsequently stopped using 50 µl of 2N H 2 SO 4 .
Optical densities (OD) were measured on a microplate reader with 450 and 630 nm filters. Results are expressed as % sample:
OD sample % sample = x 100 OD positive control
Virus isolation
Samples were screened for the presence of BVDV by indirect immunofluorescence following the method described by Waxweiler and colleagues (17) with some modifications. One hundred µl of blood samples were added onto IPB3 cell monolayers (a continuous cell-line of bovine lung cells: IFFA Poumon Bovin 3) in four microplate wells. After incubation for three days, supernatant from frozen and thawed infected cell cultures was used to infect fresh IPB3 cells. After a period of incubation lasting three days, cells were fixed in acetone and stained by an indirect immunofluorescence test using a mixture of anti-BVDV MAbs and fluorescein-labelled goat anti-mouse IgG.
Virus isolation and ELISA were conducted independently by two different workers.
Anti-p80 antibody detection
Serum samples were tested using a blocking ELISA to detect anti-p80 antibodies. Briefly, microtitre plates were coated with 100 µl of the p80 recombinant antigen using a capture monoclonal antibody. One hundred µl of a 1:10 dilution of serum samples were incubated overnight at 4°C in each coated well. After washing, 100 µl of an anti-p80 group pestivirus-specific monoclonal antibody labelled with horseradish peroxidase were added and incubated for 1 h at 4°C. One hundred µl of substrate buffer were then added to each well and incubated for 30 min in a dark place at 20°C. The reaction was stopped by adding 50 µl of 2 N H 2 SO 4 and optical densities were measured at 450 and 630 nm. ODs obtained with samples were compared with "cut-off" OD values calculated from positive and negative control sera.
RESULTS
ELISA optimisation
Capture efficiency of different mixtures of MAbs coated onto the solid phase was explored in two successive assays (Table I ). The first assay demonstrated that MAb 202D12 was essential but not sufficient by itself to generate a high signal:background ratio. Equal quantities of each MAb in the mixture displayed the best result. In the second assay, the ratio was clearly increased by association of the three MAbs in a definite proportion: a capture solution containing one, four and eight volumes of 1 mg/ml purified MAbs 227H3, 227C6 and 202D12 respectively, achieved the optimal specific signal using both blood samples from IPI cattle and dilutions of the p80 recombinant antigen solution.
This combination was used in further experiments for the calibration of the rabbit anti-p80 serum and the goat anti-rabbit IgG peroxidase conjugate (data not shown).
Comparison between ELISA and virus isolation
A total of 188 blood samples were screened in double blind assays. ELISA results were expressed as % sample, using as positive control a solution of p80 recombinant antigen containing 0.5 µg/ml of total proteins. Three categories of animals were isolated (Table II) .
Blood samples from 117 anti-p80 antibody-positive (naturally-infected and/or vaccinated) and 38 anti-p80 antibody-negative cattle were negative for virus isolation. These samples consistently displayed a % sample below 50%, with no significant differences between the ELISA values of the two groups (mean values and standard deviations: 28.9 and 29.1, and 7.1 and 6.7, respectively).
Thirty cattle of at least six months of age tested clearly positive by the reference method as well as by ELISA, with a % sample which ranged from 140% to 220%. This population included twenty-four animals from seventeen different herds and the six IPI cattle (see "Materials and Methods").
The persistent BVDV infection status of these animals was confirmed with new blood samples, taken at least one month later.
A third group included three cattle with transient p80 antigenaemia observed during the onset of natural or experimental BVDV infections: one blood sample had been collected from an animal in a non-vaccinated herd where 90% of the animals were positive for anti-p80 antibodies indicative of pestivirus circulation in this herd; the other two samples were taken from the challenged cattle seven days after an experimental infection. These samples displayed ELISA results of 50-80% sample and were classified as doubtful or negative, but tested positive by virus isolation. Blood samples taken fifteen days later from the same animals showed negative results with the reference method, and the presence of anti-p80 antibodies in the sera was demonstrated using the blocking ELISA. Table III illustrates the absence of variation in p80 antigenaemia in six IPI cattle older than six months, after either two vaccinations with inactivated vaccine or one injection of modified live vaccine.
Persistence of p80 antigenaemia in IPI cattle
Blood samples taken at days 0, 21, 49, 63, 85 and 106 did not show significant decreases of p80 antigenaemia after these antigenic stimulations. Furthermore, no antip80 antibodies were detected in the blocking ELISA.
DISCUSSION
Previous reports (8, 13, 15) have described ELISAs to identify cattle or sheep persistently-infected with pestivirus. These tests consistently include a sample preparation step, usually leukocyte isolation, in order to enhance the protein concentration of BVDV or BDV before testing. Indeed, pestiviruses have a known affinity for cells of the immune system, particularly the peripheral blood mononuclear cells (1) . However, such treatment tends to be unfeasible for large-scale screening purposes. In this study, anticoagulant crude whole blood was used, in an effort to avoid lengthy preparation steps. The test was successfully developed, taking into account these time constraints, and the result was a procedure lasting only approximately five hours. Problems due to proportionally low concentrations of viral components in such samples were overcome by the following factors:
Comparative evaluation of enzyme-linked immunosorbent assay (ELISA) and virus isolation for the detection of immunotolerant, persistently-infected (IPI) cattle with bovine virus diarrhoea virus (BVDV)
-the ELISA targeted the BVDV p80 non-structural protein which shares common antigenic determinants in all pestivirus strains and is expressed with relatively high levels in IPI animals (5, 6) -the dilution of blood samples in a lysis buffer exposed the viral proteins from the leukocytes -immunological amplification of the specific signal used two successive reagents for revelation -the judicious combination of three monoclonal antibodies acting as capture agent significantly improved the signal:background ratios.
The association of several MAbs for signal amplification purposes in ELISA technology has previously been described. Using MAbs specific to different epitopes on hepatitis B virus surface antigen, Wands and colleagues (16) increased the sensitivity of an ELISA intended for the identification in humans of chronic hepatitis B virus carriers. Similar results were obtained in this study, indicating that an amount estimated to be approximately 50 ng/ml of pure p80 recombinant protein (10% of the crude solution) could be easily detected. This concentration was chosen as the cut-off value in the present ELISA.
Under these conditions and for animals older than six months, IPI cattle can be clearly identified from a population of vaccinated, convalescent or healthy cattle. This ELISA on crude whole blood samples exhibits complete agreement with the reference method. Discrepant results may be related to either the transient viraemic period at the onset of the BVDV infection or the presence of colostral antibodies in young calves
Persistence of p80 antigenaemia after vaccination in immunotolerant cattle persistently infected with bovine virus diarrhoea virus
(data not shown). In both cases, appearance or persistence of anti-p80 antibodies in serum can mask the antigen which cannot be subsequently captured onto the solid phase. In addition, consistent with virus excretion, the level of p80 antigenaemia is probably lower during the transient viraemic stage than in true IPI cattle. Application of this ELISA in calves younger than three to six months requires an easily-performed sample preparation: after lysis of red blood cells using an ammonium chloride solution, leukocytes are pelleted by centrifugation at 1,000 g for 15 min and the supernatant containing the colostral antibodies discarded. The leukocyte pellet is resuspended in the TNT lysis buffer (as before) and 100 µl of the resulting suspension used in the ELISA procedure. This procedure has been used with success and such treatment avoids the interference of colostral antibodies and increases the test sensitivity by a factor of between 5 and 10.
In IPI cattle older than six months, p80 antigenaemia seems to be quite constant, even though the animals are submitted to anti-BVD-MD vaccinations as reported here. Similar results have been obtained with samples from animals in the field before and after vaccination with live vaccine.
The present test has been validated on samples from a total of thirty persistentlyinfected cattle from seventeen herds located in various areas in France, which would be expected to cover a diverse range of pestivirus isolates. Field testing of more than 500 crude blood samples confirmed total agreement with virus isolation.
Shannon and colleagues (15) recently reported that blood clots and tissues (especially lymph nodes, tonsils and spleen) can be successfully used to identify IPI cattle. Further studies are in progress for the testing of such samples with the present ELISA and for the validation of this test in goats and sheep. PALABRAS CLAVE: Anticuerpos monoclonales -Bovinos -ELISAInfección crónica -Muestras de sangre total -Pestivirus -Virus de la diarrea viral bovina.
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